The two archaea Ignicoccus hospitalis and Nanoarchaeum equitans form a unique intimate association, the character of which is not yet fully understood. Electron microscopic investigations show that at least two modes of cell-cell interactions exist: (i) the two cells are interconnected via thin fibres; and (ii) the two cell surfaces are in direct contact with each other. In order to shed further light on the molecules involved, we isolated a protein complex, by using detergent-induced solubilization of cell envelopes, followed by a combination of chromatography steps. Analysis by MS and comparison with databases revealed that this fraction contained two dominant proteins, representing the respective major envelope proteins of the two archaea. In addition, a considerable set of membrane proteins is specifically associated with these proteins. They are now the focus of further biochemical and ultrastructural investigations.
Introduction
Ignicoccus hospitalis [1] and Nanoarchaeum equitans [2] form a stable intimate association of hyperthermophilic archaea. I. hospitalis is a chemolithoautotrophic micro-organism; it can thrive alone in a stable axenic culture under anoxic conditions, optimally at 90
• C, whereas N. equitans cells depend on the presence of and cell contact with I. hospitalis cells for growth. The co-culture shows a rather complex growth behaviour in vitro in a fermenter [3] : during exponential growth of I. hospitalis, the majority of the cells are found to exist alone, whereas approx. 25% of the cells are occupied by few (one or two) N. equitans cells. In the stationary phase of I. hospitalis cells, however, more than 80% of the I. hospitalis cells are found to be associated with ten or even more N. equitans cells. Enhanced gas supply results in extrusion of H 2 S, the major metabolic end-product of I. hospitalis, and a large fraction of the N. equitans cells are found freely in the medium, i.e. probably released from the host cell.
The interdependence of the two micro-organisms is reflected in the content of their respective genomes. I. hospitalis has the smallest genome of all free-living archaea known to date. It comprises approx. 1.4 Mb, enabling the cell to synthesize all biomolecules autonomously from inorganic molecules [4] . N. equitans, on the other hand, has a genome of just 0.49 Mb, by far the smallest of all archaeal cells known today. It apparently lacks genes for the biosynthesis of lipids, nucleotides, many Key words: archaeon, Ignicoccus, Nanoarchaeum, transporter.
Abbreviations used: ABC, ATP-binding cassette; COG, Clusters of Orthologous Groups; DDM, n-dodecyl-β-d-maltopyranoside; ESI, electrospray ionization; LC, liquid chromatography; MALDI-TOF, matrix-assisted laser-desorption ionization-time-of-flight; MS/MS, tandem MS; RND, resistance/nodulation/cell division. 1 To whom correspondence should be addressed (email reinhard.rachel@biologie.uniregensburg.de). amino acids and cofactors, i.e. molecules essential for the functioning of a physiologically active cell. This led to the conclusion that N. equitans cells take up important metabolic products from their hosts [5] . Two studies provide evidence that this is indeed the case: the close match of the membrane lipid structure of both micro-organisms can best be explained by the transport of lipids from I. hospitalis to N. equitans [6] . 13 C-labelling demonstrated the uptake of I. hospitalis amino acids by N. equitans cells [3] . How the transport of lipids and amino acids might be achieved is unknown at present.
Early ultrastructural investigations showed that I. hospitalis and N. equitans cells can be in direct contact via their surfaces [2] . Live-dead staining confirmed the tight physiological dependency between the two micro-organisms [3] . Recently, electron micrographs of cells were obtained [3, 7] , using cryo-preparation methods [8] [9] [10] . The cells were thus preserved in a 'close-to-native' state and permitted a more differentiated view of the contact site. At least two modes were observed. (i) Cell surfaces are close to each other, but not always in direct contact, and some 'fibrous material' is found in the gap; in this case, the cytoplasmic membrane of I. hospitalis cells is involved in building up the contact. (ii) Cell surfaces are in direct contact, and periplasmic vesicles of the I. hospitalis cell are involved in the formation of the contact site, while the cytoplasmic membrane does not contribute.
For a deeper understanding of the contact site, detailed biochemical knowledge of its composition is necessary. Therefore an approach was launched aiming to isolate the contact site, using detergent-induced solubilization of membrane proteins of a co-culture of I. hospitalis and N. equitans, and further purification using size-exclusion chromatography. We obtained a fraction highly enriched in two proteins which are known to be the major constituents of the cell envelopes, namely Ihomp1, the major outer membrane protein of I. hospitalis [11] , and the S-layer protein of N. equitans. Most interestingly, this fraction also contains further, as yet unknown, membrane or cell envelope proteins, which are candidate molecules involved in the transport of metabolites between both micro-organisms.
Analysis of archaeal proteins
Cells of I. hospitalis and N. equitans were grown in coculture as described in [3] under strictly anoxic conditions at a temperature of 90
• C in fermenters. Cells were harvested by centrifugation, and cell masses were stored frozen at −80
• C. For isolation of the contact site, we modified a protocol developed recently for isolating the I. hospitalis outer membrane [11] . Cells were thawed in low-salt buffer and homogenized, and cytoplasm and cell envelopes were fractionated by sucrose gradient centrifugation. The cell envelopes were found in a distinct fraction [11] . After dialysis against Mops buffer to remove sucrose, cell envelopes were solubilized by the addition of DDM (n-dodecyl-β-D-maltopyranoside). The resulting macromolecular complexes were separated by size-exclusion chromatography. Protein identification was by SDS/PAGE, followed by tryptic digestion and either [12] .
MALDI-TOF (matrix-assisted laser-desorption ionizationtime-of-flight)-MS/MS (tandem MS), or by ESI (electrospray ionization)-nano-LC (liquid chromatography)-MS/MS
For MALDI-TOF-MS/MS, we followed the protocol as described recently [12] . For ESI nano-LC-MS/MS (ion trap), slices from Coomassie Blue-stained gels were used without further treatment. The proteins were digested with trypsin and further processed essentially as described in [13] . Samples were desalted by reverse-phase chromatography [14] . The peptides were separated and analysed by MS in the positive-ion mode. From an MS survey scan, up to three peptides were chosen for fragmentation by CID (collisioninduced dissociation); selection criteria were the signal intensity and the charge state (at least 2-fold).
Identification of proteins was done by a search against the non-redundant NCBI (National Center for Biotechnology Information) protein database; only proteins with a Mascot score higher than a cut-off value of 80 (MALDI-TOF-MS/MS) or 50 (ESI-nano-LC-MS/MS) were taken as statistically significant. Following ESI-nano-LC-MS/MS, peak lists were extracted from the raw data with DataAnalysis (version 4.0) (Bruker Daltonik) and submitted to an inhouse Mascot server (version 2.1) (Matrix Science) for search against the non-redundant NCBI protein sequence database. Carbamidomethylation of cysteine was set as a required modification and oxidation of methionine as a variable modification. Up to one missed cleavage site was allowed. Mass tolerance was set to 1.25 Da for MS and 0.5 Da for MS/MS. If several samples had to be analysed, search submission was automated by use of the Mascot Daemon. Only Ion Scores >20 were accepted and at least two peptides had to be identified for reliable protein identification. Transmission electron micrograph of an ultrathin section of high-pressure frozen freeze-substituted and resin-embedded cells of I. hospitalis (Iho) and N. equitans (Neq), showing a contact site. For details of the preparation, see [7] . CM, cytoplasmic membrane; OM, outer membrane; PP, periplasm; SL, S-layer. Scale bar, 200 nm.
The secondary structure of proteins was analysed for structural motifs such as α-helices, β-sheets and signal peptides using a variety of algorithms (Flafind; TatFind; Phobius; TMHMM; SignalP), as described recently in [12] .
Separation of solubilized membrane proteins by size-exclusion chromatography
Our attempt to isolate a complex involved in the interaction between the two archaea ( Figure 1 ) started from the knowledge that the I. hospitalis membranes and the N. equitans S-layer can be disintegrated using 0.5% DDM ( [11, 12] , and K. Schuster, S. Gürster, H. Huber and R. Rachel, unpublished work). A protocol was developed to solubilize and purify membrane proteins from pure I. hospitalis cells; using size-exclusion chromatography, five peaks, P1-P5, were obtained reproducibly (Figure 2 , grey line). By Western blot analysis and MS (not shown), the Ihomp1 protein complex was found to elute predominantly in the leading shoulder part of P1, representing protein complexes with a total mass of approx. 500 kDa. The Ihomp1 protein is, in fact, barely detected at 280 nm, owing to its extremely low amount of aromatic amino acid residues.
In the next step, we used the same isolation procedure, but with cell masses from the co-culture, containing cells of I. hospitalis and N. equitans: size-exclusion chromatography resulted in a similar elution profile as with proteins from pure I. hospitalis cells, with five peaks, now designated PI-PV (Figure 2 , black line). The major difference was one additional and significant peak, named PII; in addition, PV appeared, instead of two minor peaks, P4 and P5. 
Overview of the protein analysis of fractions PI-PV from the co-culture
The five peaks PI-PV, with DDM-solubilized membrane proteins from I. hospitalis and N. equitans, were evaluated by SDS/PAGE ( Figure 2B ) and shown to contain numerous proteins. In PIII and PIV, proteins with similar apparent masses were found, although in different amounts, and therefore PIII was not included in further investigations. In order to obtain an overview of the protein content as complete as currently possible, 49 samples were analysed. From an optimized SDS/PAGE of PI, PII, PIV and PV, gel slices in the mass range 10-∼130 kDa were selected as indicated ( Figure 3 ) and analysed by ESI-nano-LC-MS/MS, for PI, PII, PIV or by MALDI-TOF-MS/MS, for fraction PV. Numerous proteins were identified with a significant Mascot score, 180 in total for I. hospitalis cells, and 95 in total for N. equitans. They were classified further using the IMG (Integrated Microbial Genomes) System database of COG (Clusters of Orthologous Groups) (http://img.jgi.doe.gov/cgi-bin/w/main.cgi; version 2008) into several categories [15] , according the COG guidelines (Table 1 ). The categories 'Cell motility', 'Defence mechanism', 'Chromatin structure and dynamics', and 'Inorganic ion transport and metabolism' were omitted, owing to the lack of hits. 'Transport and metabolism' are concatenated in category 1, 'DNA/RNA' in category 9, and 'Transcription/translation' in category 11. A considerable fraction of the identified proteins were found to be annotated as 'hypothetical proteins', or as 'general function prediction only', namely 46 for I. hospitalis and 31 for N. equitans. In addition, 47 of the identified I. hospitalis proteins are categorized as proteins involved in transport and metabolism of amino acids, carbohydrates, coenzymes, lipids, nucleotides and secondary metabolites, and 27 as proteins for energy production and conversion. For N. equitans, altogether, three proteins were identified which are annotated to function as amino acid transporter, one as coenzyme transporter, and three proteins which might be involved in energy production and conversion. Quite obviously, all these proteins are likely to be either integrated in or associated with the membranes, i.e. they are, in a broad sense, cell envelope proteins.
Proteins in PII: a stable complex and more proteins
Following size-exclusion chromatography, PII was consistently found to contain two prominent bands, one at 100 kDa, and one at approx. 50 kDa. These two bands were analysed by Western blot and MS (results not shown) and identified as the S-layer of N. equitans (mass 100 kDa) and the homooligomer of the Ihomp1 protein of I. hospitalis (mass 50 kDa) respectively. Previous ultrastructural investigations [7, 11] proved that these two proteins are by far the dominant surface proteins of the cells; their simultaneous occurrence in one fraction can be regarded as indicative of the presence of an intact contact site. For this reason, the proteins in fraction PII were analysed in greater detail. In total, 54 proteins from I. hospitalis and 27 from N. equitans were identified in PII ( prediction only'. Of these proteins, nine (I. hospitalis) and eight (N. equitans) are predicted to have either a signal peptide or at least one transmembrane helix or both. They therefore represent additional candidates for a possible location in the cell envelope or periplasm, and, ultimately, in the contact site.
From the results of this and our previous studies [11, 16, 17] , functions can be assigned to or predicted for some of the proteins annotated as 'hypothetical': Igni_1266, I. hospitalis outer membrane protein; NEQ141, thermosome subunit, presumably B; NEQ300, S-layer protein; NEQ236, S-layer-associated protein; and NEQ436, SecD subunit of the SecD/F complex.
Discussion
The question of which proteins are involved in the interaction cell-cell contact and in transport between these two archaea cannot be addressed, at least presently, by genetics, such as mutagenesis or knockouts. We have therefore chosen the direct approach, by isolating a complex of membrane and membrane-associated proteins, using detergent-induced solubilization, followed by size-exclusion chromatography.
In the analysis of all proteins identified to be present in the detergent-solubilized membranes, approx. 26% of the I. hospitalis proteins, but only 4.2% of the N. equitans proteins belong to the category 'Transport and metabolism'. This reflects the known difference between both organisms in their physiology and genome capacity: whereas I. hospitalis has the ability to grow alone and has a genome with full capacity for all biosynthetic pathways, N. equitans is not able to thrive alone and its genome is very compact and highly reduced; enzymes involved in many biosynthetic pathways cannot be found.
Our analysis was facilitated by the fact that, in an earlier study, we had identified three main surface proteins of the two organisms, namely Ihomp1 for I. hospitalis, and the S-layer plus an S-layer-associated protein, for N. equitans. They served as markers during the purification protocol. Very interestingly, the two proteins were found in the same fraction during size-exclusion chromatography in a buffer containing 0.5% DDM.
In this fraction, PII, we could identify 82 proteins in total, but we are also aware of the fact that we might have lost some proteins. For a number of the proteins, such as in categories 'Transcription' and 'Translation', or in 'Replication' and 'RNA processing', these might be regarded as 'impurities', although their functions are only predicted by annotation and not validated yet by a biochemical assay. In addition, for many proteins identified, the prediction is not clear-cut, resulting in 'hypothetical' or 'unknown' proteins, because no homologue is found in related micro-organisms. Nevertheless, very interesting candidate proteins with importance for the interaction of N. equitans with I. hospitalis turned up. They include a membrane protein of the RND exporters, the SecD component of the SecDF complex, ATPase/ATP synthase subunits, and one solute-binding protein, probably belonging to an ABC transporter. Further proteins from this fraction must be taken into consideration as possible candidate molecules involved in the cell-cell interaction.
The question arises as to how these proteins may contribute to the transport or exchange of metabolites between the cells. The function of one protein of this class, AcrB, whose structure was solved by X-ray crystallography [18] , is not known in great detail: known as multidrug efflux transporter, its substrate specificity was reported to be broad, extruding cationic, neutral and anionic substances [19] . The SecDF complex is known to be involved in protein export [20] . Whether this protein, encoded by N. equitans, is involved in protein export or import remains to be determined experimentally. A 1 A O ATPases are known to provide energy for transport of small ions, or, in the opposite way, to synthesize ATP from ion gradients [21, 22] . ABC transporters with a wide variety of substrates to be transported are known, also amino acids [23] , and even lipids [24, 25] . A possible role of these proteins in the cell-cell interaction appears likely; their precise role, however, needs to be evaluated under experimental conditions.
In our study, a fraction of membrane and membraneassociated proteins was isolated and purified, which contains 54 I. hospitalis proteins and 27 N. equitans proteins. They have predicted or unknown functions and are likely to be located in or to be associated with the cell envelope. Our future studies will focus on analysing the biochemical functions of some of these proteins and their subcellular distribution using electron microscopy, in order to understand how they might be involved in the proposed transport phenomena of metabolites and other biomolecules.
